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A論 文 内 容 要 旨         E 
Chapter 1  Introduction and Chapter 2  Literature review 
Clathrate hydrates in the form of natural gas hydrates are energy resources, but clathrate hydrates can also act as 
storage media or provide selective separations and they have the possibility of being able to sequester carbon.  A 
semi-clathrate hydrate is formed when an ionic compound such as a quaternary ammonium salt (QAS) replaces 
part of the water in the hydrogen bonding framework.  For semi-clathrate hydrates, there are many structural and 
physical property data that are available.  Although semi-clathrate hydrates seem to be feasible for use as H2 
storage materials, the H2 storage amount with semi-clathrate hydrates is lower than that for clathrate hydrates.  
Nevertheless, semi-clathrate hydrates have high potential for gas capture and separation because of their stability 
and their favorable hydrate formation kinetics.  For practical realization of the gas separation technologies with 
semi-clathrate hydrate, it is important that their structure, phase equilibria and formation kinetics for guest 
molecules such as H2 or CO2 are studied in detail. 
In this thesis, the objectives are to understand the gas inclusion phenomena in terms of crystal structure, phase 
equilibria, equilibrium gas storage amount and gas adsorption rate for gas separation method development in H2 
purification process from biomass.  The phase equilibria, the equilibrium adsorption and the adsorption rates of 
H2 and CO2 + tetra-n-butyl ammonium (TBA) salts semi-clathrate hydrate were measured.  The TBA salts 
studied were TBA bromide (TBAB), TBA chloride (TBAC) and TBA fluoride (TBAF).  A phase equilibrium 
model was modified to describe the phase equilibria of H2 and CO2 + TBA salt + water systems.  A gas 
adsorption kinetics model was developed to describe the H2 and CO2 adsorption behavior in guest additive 
clathrate hydrates or TBA salt semi-clathrate hydrates.  The H2/CO2 selectivity was estimated with 
experimentally determined Langmuir constants and fitted diffusion coefficients for semi-clathrate hydrate 
particles or membranes. 
 
Chapter 3  Measurement and correlation of phase equilibria of semi-clathrate hydrates with H2 and CO2 
  The phase quilibria of H2 and CO2 + TBA salt + water systems were measured.  For CO2 + TBAF 
semi-clathrate hydrates, dissociation temperatures vary according to TBAF concentration, in which 3.0 mol% 
TBAF semi-clathate hydrate was found to be more stable than 3.3 mol% semi-clathrate hydrate above 1 MPa.  
This finding is evidence that the crystal structure of 3.0 mol% TBAF semi-clathrate hydrate is different from that 
of 3.0 mol% TBAF semi-clathrate hydrate.  A phase equilibrium prediction model was developed for 
semi-clathrate hydrates by using parameters for the QL-cage that combines 51262 cage with 51263 cage, and by 
estimating ∆vLW from the molar volume of water for TBAB semi-clathrate hydrate.  The model could describe 
the phase equilibria of binary mixtures H2 + TBA salt or CO2 + TBA salt semi-clathrate hydrate + water systems 
quantitatively, but could only describe ternary mixture H2 + CO2 + TBA salt semi-clathrate hydrate equilibria 
qualitatively.  The inclusion behavior of mixture gas is most likely different from that of pure gases and it 
depends on the TBA salt.  Although the TBAF semi-clathrate hydrate can be readily applied because its high 
dissociation temperature (ca. 301 K), its selectivity for 3.0 mol% TBAF is probably low at temperatures close to 
its dissociation temperature. 
 
Chapter 4  Hydrogen adsorption behavior in clathrate hydrates and development of kinetic models 
The multiple adsorption resistance (MAR) model model was 
constructed by assuming three boundaries of differential H2 
adsorption system (Figure 1).  The three resistances in the 
MAR model for H2 adsorption are the clathrate hydrate 
framework, the guest included cage and the H2 adsorbed shell.  
In boundary 1 and 2, H2 molecules adsorb in a delocalized state 
near the surface of the clathrate hydrate particles due to 
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Figure 1.  Schematic diagram of the multiple 
adsorption resistance (MAR) model.
existence of pores.  Especially, H2 molecules are included in the gas capture cage (S-cage) near pores in 
boundary 1, H2 molecules are included in S-cages distant from the pores in boundary 2.  In boundary 3, the 
shrinking of non-adsorbed core is assumed to be rate-limiting, so that the H2 adsorption rate is described by H2 
diffusion in the H2 adsorbed layer and the H2 adsorption process near the interfacial boundary of the non-included 
solid core.  The H2 concentrations in boundary 1 and 2 are assumed to be the same as the concentration in bulk 
phase due to H2 delocalization adsorption.  The H2 concentration at the interface of boundary 3 is calculated 
from the number of S-cages and the equilibrium H2 occupancy due to the quasi-equilibrium adsorbed conditions.  
The MRA model is able to describe the H2 adsorption behavior in guest additive clathrate hydrate particles well.  
Based on the activation energies of diffusion, the H2 diffusion pathway in hydrate particles depends on the 
clathrate hydrate formation process and the interactions between guest additive molecule and the host molecule. 
 
Chapter 5  Gas adsorption and diffusional characteristic of semi-clathrate hydrates for gas separation 
processes 
The equilibrium adsorption amounts of H2 depend on the crystal structure of the semi-clathrate hydrate.  On 
the other hand, the equilibrium adsorption amounts of CO2 depend not only on the anion of the TBA salt, but also 
on the semi-clathrate hydrate structure. 
From the analysis results made with the multiple adsorption resistance (MAR) model, it is implied that the gas 
in the S-cage is rapidly adsorbed from the vapor phase, since the adsorption rate constants Ka of H2 were larger 
than those of CO2 for the same semi-clathrate hydrate systems.  On the other hand, the gas in the S-cage transfers 
with difficulty in the more stable hydrate phase as can be concluded from the simulation results.  Namely, the 
inclusion rate constants, kc and the apparent diffusion coefficients, Da for H2 systems were larger than those for 
CO2 systems.   
Figure 2 shows experimental and calculated 
H2/CO2 selectivities, SH2/CO2 for TBA salt 
semi-clathrate hydrates.  The H2/CO2 selectivities 
SH2/CO2 for TBA salt semi-clathrate hydrates were 
obtained from MAR model simulations with 
Langmuir constants obtained from experiments.  In 
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Figure 2.  H2 selectivity for CO2 as a function of time for 
semi-clathrate hydrate particles (dp = 128 mm, T = 269 K, 
Pinitial (H2/CO2 = 3.4) = 4.5 MPa).
the simulation results, the SH2/CO2 for 3.2 mol% TBAC semi-clathrate hydrate was highest among TBA salt 
semi-clathrate hydrates.  On the other hand, the SH2/CO2 for 3.0 mol% TBAF semi-clathrate hydrate in the early 
stages of gas adsorption was the highest among TBA salt semi-clathrate hydrates.  Therefore 3.0 mol% TBAF 
semi-clathrate hydrate is considered to be appropriate as separation media for H2/CO2 systems in pressure swing 
adsorption processes among the semi-clathrate hydrate systems studied in this paper.  The H2/CO2 selectivities 
for semi-clathrate hydrates can probably be improved by using additive salts to control the structure. 
  The H2/CO2 selectivities αH2/CO2 for TBA salt semi-clathrate hydrates were calculated from Langmuir constants 
and apparent diffusion coefficients.  The αH2/CO2 for 3.3 mol% TBAF semi-clathrate hydrate was highest among 
TBA salt semi-clathrate hydrates, which was more than 100.  Thus, the applicability of semi-clathrate hydrates as 
membrane separation media is confirmed.  For semi-clathrate hydrates, the αH2/CO2 increased with decreasing gas 
permeability.  Therefore, the characteristics required for semi-clathrate hydrate membranes are different from 
semi-clathrate hydrate particles that might be used for a pressure swing adsorption process.  In either separation 
process, however, the adsorption and diffusion characteristics of the larger molecules can be controlled by choice 
of the QAS and the use of conditions to form appropriate semi-clathrate hydrate structures. 
 
Chapter 6  Conclusions and future work 
  Gas inclusion appears to vary according to both the anion of the TBA salt and the crystal structure of the 
semi-clathrate hydrate that is related to the size of the gas molecule, the electrophilicity of the anion and gas 
capture cage size.  Therefore, the gas selectivity and adsorption rate of semi-clathrate hydrates can possibly be 
improved by combining semi-clathrate hydrates with additive salts and considering the structures. 
Based on the above results, the semi-clathrate hydrates examined in this work are favorable for applications in 
membrane separation due to their high selectivity and mild operating conditions.  Further research is needed on 
membrane support materials for semi-clathrate hydrates and on conditions for semi-clathrate hydrate thin film 
formation. 
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論文審査結果の要旨 
クラスレートハイドレート(CH)は，水分子から構成される包接水和物であり，単位格子中の水分子
の一部が添加塩と置換された準包接水和物をセミクラスレートハイドレート(SCH)と定義する．特に，
第 4級アンモニウム塩添加系では，常温・常圧での安定性が向上するため，バイオガス由来の水素精
製時における H2-CO2の分離媒体への適用を検討している．本論文は，プロセス構築に必須となる SCH
の相平衡およびガス吸着ならびに拡散特性に関する基礎知見を獲得するだけでなく，得られた実験デ
ータを基に SCHの工学的有用性を評価したものであり，全 6章から構成される． 
第 1章では，CHおよび SCHの応用プロセスについて概説し，本論文の目的と位置づけを明確にし
た． 
第 2章では，CHおよび SCHの構造および相平衡，形成ならびに分解速度に関する既往の知見を整
理した． 
第 3章では，SCHの相平衡について，添加する tetra-n-butyl ammonium (TBA+) saltのアニオン
種(Br-, Cl-, F-)の影響を検討した．また，van der Waals-Platteeuw の包接化合物モデルを用いた
純成分系の相関と， そこで得られた Langmuir定数を用いた混合系の推算により H2/CO2選択率の算出
を行った結果，TBA+-F-添加時において，H2および CO2の占有率の低下に反して，熱力学的安定性の向
上が観測された． 
第 4章では，基礎的な CH粒子への H2吸着量を対象として，速度論モデルを構築した．拡散係数は
添加ゲスト分子の蒸気圧依存性が確認され，非占有分子による結晶粒界面積の増大が示唆された．ま
た活性化エネルギーと，MD 計算によるケージ間のエネルギー障壁を比較することにより，ガス分子
の拡散経路を明らかにした． 
第 5章では，SCH粒子へのガス吸着に対して，4章にて構築した速度論モデルによる定量的解析を
行った．平衡占有率の構造およびアニオン依存性はガス種により異なることが確認された．拡散係数
等のパラメータより SCHの分離媒体としての評価を行った結果，SCH粒子および膜のいずれの形状に
おいても TBA+-F-添加時に高い選択率が推算され，分離プロセスへの有用性が示唆された． 
第 6章は，本研究成果を総括し，将来の展望について言及している． 
 
以上本論文では、クラスレートハイドレートの中で常温常圧安定性の高いセミクラスレートに着目
し、その構造、相平衡、さらにガス吸着に関する速度に関する基礎データの蓄積を行うとともに、ガ
ス分離のモデルの提案を行ったものであり、分離工学，環境工学の発展に寄与するところが少なくな
い。 
よって、本論文は博士（環境科学）の学位論文として合格と認める． 
 
 
